1. Introduction {#sec1}
===============

Obesity, which has grown to be a world-wide epidemic, has multiple metabolic consequences such as type II diabetes, hepatic steatosis, dyslipidemia, cardiovascular diseases, and certain types of cancer [@bib1]. Identification of pathways that modulate the development of obesity will provide critical information regarding new therapeutic approaches to obesity and its associated diseases.

Ras proteins are known to play fundamental roles in cell growth and proliferation [@bib2]. Potential important roles of Ras in regulating obesity-related cellular processes have been suggested by several studies, with certain caveats to be examined. First, transgenic mice over-expressing (8-fold) H-Ras specifically in adipose tissue displayed a remarkable decrease in fat mass [@bib3], which suggested a potential role of Ras in repressing adipogenesis. However, since the study was performed under non-physiological conditions, the result is subjected to alternative explanations. Second, human and mouse genetic studies revealed that loss-of-function mutations in the Kinase suppressor of Ras 2 (*KSR2*) gene are associated with obesity in human and cause obesity in mice [@bib4]. However, since KSR2 has been shown to bind to and regulate the activity of AMPK, in addition to its known role in promoting the Ras-Raf-MEK-ERK signaling pathway [@bib5], [@bib6], [@bib7], further studies are required to determine if KSR2 acts through the Ras pathway to repress obesity. Finally, genetic ablation of docking protein 1 (Dok1), a protein known to repress Ras function by recruiting Ras-GAP to Ras [@bib8], [@bib9], inhibits adipogenesis and causes mice to be lean [@bib10]. This result also suggests a role of Ras in repressing adipogenesis. Therefore, additional studies are desirable to validate this role and fully understand this potentially important regulatory mechanism, which may lead to identification of potential new therapeutic targets.

Rasal2 was identified as a Ras-GAP through cancer-related studies [@bib11], [@bib12], [@bib13]. A genome-wide association study has linked SNP rs10913469 (*Sec16B-Rasal2*) to increased body mass index in humans [@bib14]. Two independent studies reproduced this association in Chinese and certain Mexican populations [@bib15], [@bib16]. These data suggest potential roles of Sec16B or Rasal2 in the development of obesity. Genetic studies using mouse genetics should be effective and important to determine the role of Rasal2 in obesity-related cellular processes, which may elucidate the role of Ras in obesity.

In a screen for obesity-associated mutants based on systematic *Piggybac* (PB) transposon insertional mutagenesis, we identified a mutant strain with drastically reduced expression of *Rasal2*. This mutant strain provides an excellent mouse model to explore the roles of endogenous Ras proteins. The mutant mice display a lean phenotype with improvements in glucose tolerance, insulin sensitivity, and other metabolic parameters related to obesity. We carried out in-depth analysis to reveal the roles and mechanisms of Rasal2 in the development of obesity.

2. Materials and methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

FVB Mice were housed under 12/12 h light/dark cycles with free access to water and normal chow diet or 60 kcal% high-fat diet (Research Diets, Inc). All animal-related experiments were performed in accordance with guidelines from the Institute of Developmental Biology and Molecular Medicine Institutional Animal Care and Use Committee.

2.2. Indirect calorimetry {#sec2.2}
-------------------------

Mice were individually housed under room temperature (21 °C) with free access to food and water. Locomotor activity, O~2~ consumption, and CO~2~ production were measured using a Promethion Metabolic Measurement System.

2.3. Histology {#sec2.3}
--------------

For frozen section, tissues were dissected and fixed in 10% formalin solution overnight. The samples were then dehydrated in 30% sucrose and embedded in OCT. 10 μm sections were collected. For Oil-Red-O staining, cells or slides were fixed for 1 h at room temperature with 10% formalin before stained with Oil-Red-O as described previously [@bib17]. After taking photos, the Oil-Red-O was extracted with isopropanol for spectrophotometric measurement at 510 nm.

2.4. Glucose tolerance test (GTT) and insulin tolerance test (ITT) {#sec2.4}
------------------------------------------------------------------

For GTT, 12-week old mice were fasted for 16--18 h, and injected with [d]{.smallcaps}-glucose (2 g/kg, intraperitoneally). Tail vein blood was sampled and analyzed with an Onetouch Ultra blood glucose monitoring system (LifeScan) at 0, 30, 60, 90, and 120 min after injection, respectively. For ITT, 12-week old mice were fasted for 6 h before being injected with insulin (Humulin, Lilly) (0.75 U/kg, intraperitoneally). 0, 15, 30, 45, 60 min after injection, tail vein blood was sampled for glucose determination.

2.5. siRNA transfection of 3T3-L1 preadipocytes and adipogenesis induction {#sec2.5}
--------------------------------------------------------------------------

Cells were maintained in expansion medium \[High glucose DMEM (Gibco, 11965118) supplemented with 10% FCS (Gibco, 16170078), 1% Penicillin-Streptomycin (Gibco, 10378016)\]. Transfection of siRNA against *Rasal2* was performed as previously described [@bib18]. In brief, 3T3-L1 preadipocytes were trypsinized, resuspended in expansion medium, then seeded into 24-well plates and transfected with siRNA by Lipofectamine RNAiMAX (Life Technologies). Two days after reaching confluency, cells were induced with a defined adipogenic cocktail \[High glucose DMEM (Sigma, 11965118) supplemented with 10% FBS (Gibco, 16000044), 1% Penicillin-Streptomycin (Gibco, 10378016), 5 μg/ml insulin (Sigma, I0259), Dexamethasone (Sigma, D1756), and 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX) (Sigma, I7018)\] for 2 days, then raised in the maintenance medium \[High glucose DMEM (11965118) supplemented with 10% FBS (Gibco, 16000044), 1% Penicillin-Streptomycin (Gibco, 10378016), and 5 μg/ml insulin (Sigma, I0259)\] for additional 4 days. The sequences of Rasal2 siRNA could be found in [Table S2](#appsec1){ref-type="sec"}.

2.6. Assay of Ras activity {#sec2.6}
--------------------------

Cells were lysed on ice in the lysis buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgCl~2~, 1 mM EDTA, 1 mM sodium orthovanadate, protease inhibitor (Roche). 500 mg of cell lysate was incubated at 4 °C with 5 μg glutathione-Sepharose beads (Upstate biotechnology) coupled with a glutathione S-transferase fusion protein corresponding to Ras binding domain of human Raf-1. The bead-bound proteins were analyzed by Western blotting.

2.7. Farnesyl Thiosalicylic Acid (FTS) and U0126 treatment of 3T3-L1 preadipocytes {#sec2.7}
----------------------------------------------------------------------------------

FTS was dissolved in ethanol (5 mM). Cells were treated with adipogenic cocktail added with 10 μM or 50 μM FTS for 2 days, then incubated with the maintenance medium containing 10 μM or 50 μM FTS for 2 days. After that, cells were cultured in maintenance medium for an additional 2 days.

U0126 was reconstituted in DMSO (10 mM). For U0126 treatment, cells were stimulated with adipogenic cocktail for 12 h, then switched to adipogenic cocktail supplemented with 10 nM, 50 nM, 250 nM, or 1250 nM U0126 for 36 h. The choice of applying the inhibitor at 12 h post-induction was based on a previous study that showed ERK acts to promote C/EBPα and PPARγ expression (which, in turn, enhances adipogenesis), and PPARγ expression was induced at 12 h post-induction [@bib27]. Subsequently, cells were maintained in maintenance medium containing the same concentration of U0126 for 2 more days. The cells were then cultured in maintenance medium for an additional 2 days.

2.8. Real-time PCR {#sec2.8}
------------------

Tissues or cells were homogenized in Trizol (Invitrogen), and then total RNA was extracted following the standard protocol. One μg RNA was used for complementary DNA synthesis using a Reverse Transcription kit (Takara, RR047A). Real-time PCR was performed by using Brilliant II FAST SYBR QPCR Master Mix (Agilent) in LyghtCycler™ 480 system (Roche). 36B4 or 18s RNA was used as the internal control. Primers used in real-time PCR can be found in [Table S2](#appsec1){ref-type="sec"}. Some primer sequences are from PrimerBank [@bib19].

2.9. Western blotting {#sec2.9}
---------------------

Protein was extracted from cells or tissues by using RIPA buffer \[50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS\] supplemented with protease inhibitor (Roche) and phosphatase inhibitor (Roche). Protein was separated by SDS-PAGE and transferred to PVDF membranes. Antibodies used were: Phospho-ERK (Thr202/Tyr204) (Cell Signaling), ERK (Cell Signaling), Rasal2 (ProteinTech), beta-actin (Santa Cruz), beta-tubulin (Sigma), and GAPDH (Sigma).

2.10. Statistics {#sec2.10}
----------------

All data were analyzed with a two-tailed unpaired/paired Student\'s t-test and expressed as mean ± s.e.m. Statistical significance is represented by asterisks: \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. All n values refer to biological repeats.

3. Results {#sec3}
==========

3.1. PB element insertion disrupted the expression of *Rasal2* gene and rendered mice to be lean {#sec3.1}
------------------------------------------------------------------------------------------------

A previous study found *Rasal2* mRNA is present in brain, lung, heart, liver, kidney, testis, and skeletal muscle [@bib11]. Using quantitative-RT-PCR, we detected *Rasal2* mRNA in six additional tissues including white adipose tissue (WAT) and brown adipose tissue (BAT) ([Figure S1A](#appsec1){ref-type="sec"}), indicating a ubiquitous expression of Rasal2 in mouse. A *Rasal2* mutant mouse strain (*Rasal2*^*PB/PB*^ mice) was identified by a systematic *piggyBac* (PB) transposon insertional mutagenesis [@bib20], [@bib21]. In this mutant strain, inverse PCR [@bib20] revealed a single copy of PB element inserts in the third intron of *Rasal2* ([Figure 1](#fig1){ref-type="fig"}A). *Rasal2* mRNA level in homozygous (*Rasal2*^*PB/PB*^) embryo was reduced to less than 10% of that of wild-type controls ([Figure 1](#fig1){ref-type="fig"}B).Figure 1***Rasal2* expression was disrupted by the PB insertion and *Rasal2***^***PB/PB***^**mice show decreased adiposity**. (A) A *PB* element insert in between exon3 and exon4 of the *Rasal2* gene. (B) *Rasal2* mRNA level was drastically reduced by the *PB* insertion in whole embryos (n = 3 for each group). (C) Body weight of wild-type controls, *Rasal2*^*PB*/+^, and *Rasal2*^*PB*/*PB*^ mice fed normal chow diet (NCD) (n = 6--9 for each group). (D) *Rasal2*^*PB*/*PB*^ mice have lower body mass index (BMI) than wild-type controls (n = 5 for each group). (E) The fat and lean mass of *Rasal2*^*PB*/*PB*^ and wild-type control mice fed NCD (+/+, n = 9; *PB*/*PB*, n = 7) measured by nuclear magnetic resonance (NMR). (F) Fat to lean mass ratio of *Rasal2*^*PB/PB*^ and wild-type control mice fed NCD (+/+, n = 9; *PB*/*PB*, n = 7). (G) Representative photographs of epididymal adipose of *Rasal2*^*PB*/*PB*^ and wild-type control mice. Red stars indicate the epididymal adipose. (H) Mass of various adipose depots from *Rasal2*^*PB*/*PB*^ and wild-type control mice fed NCD (n = 6 for each group). E-WAT: epididymal adipose tissue, P-WAT: peri-renal adipose tissue, I-WAT: inguinal adipose tissue, BAT: brown adipose tissue. 12-week-old mice were used unless otherwise stated. See also [Figure S1](#appsec1){ref-type="sec"}. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data were analyzed with a two-tailed unpaired Student\'s t-test and expressed as mean ± s.e.m.Figure 1

On a normal chow diet (NCD), male *Rasal2*^*PB/PB*^ mice showed modestly but significantly decreased body weight at 6 weeks of age and remained lower for the duration of analysis ([Figure 1](#fig1){ref-type="fig"}C). Female *Rasal2*^*PB/PB*^ mice also manifested a decrease in body weight since the age of 8 weeks ([Figure S1B](#appsec1){ref-type="sec"}). The body mass index (BMI) of male *Rasal2*^*PB/PB*^ mice was significantly lower than that of wild-type control mice ([Figure 1](#fig1){ref-type="fig"}D). Nuclear magnetic resonance (NMR) analysis revealed that *Rasal2*^*PB/PB*^ mice had significantly less fat mass, with only a subtle change in lean mass ([Figure 1](#fig1){ref-type="fig"}E and [Figure S1C](#appsec1){ref-type="sec"}), resulting in a lower fat mass to lean mass ratio ([Figure 1](#fig1){ref-type="fig"}F). To further confirm this result from NMR analysis, we dissected and assessed the mass of several adipose depots. We observed that the mass of epididymal-WAT, peri-renal WAT, and inguinal WAT were significantly lower in *Rasal2*^*PB/PB*^ mice, while the mass of brown adipose tissue remained unchanged ([Figure 1](#fig1){ref-type="fig"}G and H). Taken together, these data show that *Rasal2*^*PB/PB*^ mice are leaner.

To address if food intake or physical activity played a role in the lean phenotype that we observed, we tested several parameters. We did not observe significant differences in food intake ([Figure S1D](#appsec1){ref-type="sec"}), locomotor activity ([Figure S1F](#appsec1){ref-type="sec"}), energy expenditure ([Figure S1H](#appsec1){ref-type="sec"}), or respiratory exchange rate (RER) ([Figure S1J](#appsec1){ref-type="sec"}) between *Rasal2*^*PB/PB*^ mice and wild-type controls fed NCD.

3.2. *Rasal2*^*PB/PB*^ mice are partially resistant to high-fat diet-induced obesity {#sec3.2}
------------------------------------------------------------------------------------

To investigate the potential resistance of *Rasal2*^*PB/PB*^ mice to high-fat diet (HFD) induced obesity, male *Rasal2*^*PB/PB*^ mice and wild-type control mice were challenged with HFD started at weaning. HFD-fed male *Rasal2*^*PB/PB*^ mice had significantly lower body weight from the age of 5 weeks ([Figure 2](#fig2){ref-type="fig"}A and B). Importantly, the HFD-induced body weight gain relative to NCD feeding is significantly lower in *Rasal2*^*PB/PB*^ mice ([Figure 2](#fig2){ref-type="fig"}C), indicating *Rasal2*^*PB/PB*^ mice are partially resistant to HFD. The NMR analysis revealed that both the fat and lean mass of *Rasal2*^*PB/PB*^ mice are lower than those of wild-type control mice ([Figure 2](#fig2){ref-type="fig"}D). As the change in fat mass is more severe than in lean mass, the fat-mass to lean-mass ratio is still lower in *Rasal2*^*PB/PB*^ mice ([Figure 2](#fig2){ref-type="fig"}E). We dissected and weighed various adipose pads and found that wild-type control mice have significantly less peri-renal WAT, inguinal WAT, and brown adipose tissue than *Rasal2*^*PB/PB*^ mice ([Figure 2](#fig2){ref-type="fig"}F). It is interesting to note that, while the differences in the mass of inguinal white and brown adipose between wild-type and *Rasal2*^*PB/PB*^ mice were further augmented by HFD feeding, the difference in the mass of epididymal white adipose disappeared when mice were fed HFD ([Figure 2](#fig2){ref-type="fig"}F), implying different adipose depots of *Rasal2*^*PB/PB*^ mice have different responses to HFD feeding.Figure 2***Rasal2***^***PB/PB***^**mice are partially resistant to HFD-induced obesity**. (A) Representative photographs of *Rasal2*^*PB/PB*^ and wild-type control mice on high-fat diet (HFD). (B) Body weight of *Rasal2*^*PB/PB*^ and wild-type control mice on HFD (n ≥ 5 for each group). (C) HFD-induced body weight gain of *Rasal2*^*PB/PB*^ and wild-type control mice (n = 5 for each group). (D) The fat and lean mass of *Rasal2*^*PB/PB*^ and wild-type control mice fed HFD (n = 14 for each group) measured by NMR. (E) Fat mass to lean mass ration of *Rasal2*^*PB/PB*^ and wild-type control mice fed HFD (n = 14 for each group). (F) Mass of various adipose depots from *Rasal2*^*PB/PB*^ and wild-type control mice fed HFD (n = 5 for each group). E-WAT: epididymal adipose tissue, P-WAT: peri-renal adipose tissue, I-WAT: inguinal adipose tissue, BAT: brown adipose tissue. 12-week-old mice were used unless otherwise stated. See also [Figure S1](#appsec1){ref-type="sec"}. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data were analyzed with a two-tailed unpaired Student\'s t-test and expressed as mean ± s.e.m.Figure 2

On HFD, *Rasal2*^*PB/PB*^ mice displayed comparable food intake, locomotor activity, and RER to wild-type control mice ([Figure S1E, G, and K](#appsec1){ref-type="sec"}). However, we observed significantly higher energy expenditure in *Rasal2*^*PB/PB*^ mice ([Figure S1I](#appsec1){ref-type="sec"}). The increase in energy expenditure is more likely a consequence rather than a cause of the leanness, as the mutant mice were already leaner than wild-type mice when fed NCD, a condition under which the mutant mice and wild-type controls show similar energy expenditure ([Figure S1H](#appsec1){ref-type="sec"}).

3.3. *Rasal2* deficiency protects mice from HFD-induced metabolic disorders {#sec3.3}
---------------------------------------------------------------------------

Obesity is a key risk factor for type II diabetes [@bib1]. Therefore, we investigated the glucose homeostasis of *Rasal2*^*PB/PB*^ mice. While only marginal differences were seen when mice were fed NCD ([Figure S2A--D](#appsec1){ref-type="sec"}), male *Rasal2*^*PB/PB*^ mice fed HFD exhibited significantly enhanced glucose tolerance ([Figure 3](#fig3){ref-type="fig"}A and B) and insulin sensitivity ([Figure 3](#fig3){ref-type="fig"}C and D). Consistently, we observed lower fasting serum insulin level when mice were fed HFD, but no significant difference was observed when mice were fed NCD ([Figure 3](#fig3){ref-type="fig"}E and [Figure S2E](#appsec1){ref-type="sec"}). We also observed significantly lower serum triglycerides and cholesterol levels ([Figure 3](#fig3){ref-type="fig"}F and G). Hepatic steatosis is known to be associated with obesity [@bib22]. Histological analysis revealed that *Rasal2*^*PB/PB*^ mice were protected from HFD-induced hepatic steatosis ([Figure 3](#fig3){ref-type="fig"}H), accompanied by lower liver weight ([Figure 3](#fig3){ref-type="fig"}I). The circulating alanine transaminase (ALT) level, a commonly used indicator of liver damage, was notably lower in *Rasal2*^*PB/PB*^ mice when fed HFD ([Figure 3](#fig3){ref-type="fig"}J). Importantly, the circulating ALT level of *Rasal2*^*PB/PB*^ mice fed HFD was comparable to that of mice fed NCD ([Figure 3](#fig3){ref-type="fig"}J), indicating that *Rasal2*^*PB/PB*^ mice were almost completely protected from HFD-induced liver damage under these conditions. Albumin, calcium, urea nitrogen, and total protein levels in the blood of *Rasal2*^*PB/PB*^ mice were also altered when compared with wild-type control mice ([Table S1](#appsec1){ref-type="sec"}).Figure 3***Rasal2***^***PB/PB***^**mice are protected against HFD-induced metabolic disorders**. (A and B) Glucose tolerance test (GTT) of *Rasal2*^*PB/PB*^ and wild-type control mice fed HFD (n = 5--6 for each group). (C and D) Insulin tolerance test (ITT) of *Rasal2*^*PB/PB*^ and wild-type control mice fed HFD (n = 5 for each group). (E--G) Serum insulin levels (E) triglycerides (TAG) levels (F) and cholesterol levels (G) of *Rasal2*^*PB/PB*^ and wild-type control mice fed HFD (n = 5 for each group). (H) Liver triglycerides content of mice fed HFD determined by Oil-Red-O staining. Scale bar, 500 μm. (I) Liver weight of *Rasal2*^*PB/PB*^ and wild-type control mice (n = 5--6 for each group). (J) Concentration of circulating alanine transaminase (ALT) in *Rasal2*^*PB/PB*^ mice and wild-type control mice (n = 4--5 for each group). (K--N) Expression of indicated macrophage markers and pro-inflammatory cytokines in the white adipose of *Rasal2*^*PB/PB*^ mice and wild-type control mice (n = 3--5 for each group). 12-week-old mice were used unless otherwise stated. See also [Figure S2](#appsec1){ref-type="sec"}. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data were analyzed with a two-tailed unpaired Student\'s t-test and expressed as mean ± s.e.m.Figure 3

Obesity has also been linked to chronic and low-grade inflammation in white adipose, which constitutes a significant contributor to insulin resistance and subsequent type II diabetes [@bib23]. To evaluate the inflammation state in the white adipose tissue of *Rasal2*^*PB/PB*^ mice, we analyzed the expression of macrophage markers CD68 and F4/80 and the pro-inflammatory genes TNFα and CCL2 by quantitative PCR. On NCD, the white adipose inflammatory state, as reflected by the expression of these genes, was comparable between *Rasal2*^*PB/PB*^ mice and wild-type control mice ([Figure 3](#fig3){ref-type="fig"}K--N). HFD feeding induced a robust increase in the expression of CD68 and F4/80 as well as TNFα and CCL2 in wild-type mice ([Figure 3](#fig3){ref-type="fig"}K--N). Strikingly, the induction of all of these genes was prominently suppressed in *Rasal2*^*PB/PB*^ mice ([Figure 3](#fig3){ref-type="fig"}K--N). Obesity is also known to be associated with M2 macrophage infiltration into white adipose, even though the M1 to M2 macrophages ratio is typically decreased under this condition [@bib24]. As expected, *Rasal2* deficiency abrogated HFD-induced M2 macrophage infiltration in white adipose tissue ([Figure S2F--H](#appsec1){ref-type="sec"}). Further analysis showed that the inflammation state was comparable between *Rasal2*^*PB/PB*^ mice and wild-type control mice prior to the divergence of body weight ([Figure S2I--K](#appsec1){ref-type="sec"}), suggesting that the lower inflammation in white adipose of *Rasal2*^*PB/PB*^ mice fed HFD might be a consequence of decreased adiposity.

Taken together, these results suggest that *Rasal2* deficiency not only results in the lean phenotype but also suppresses HFD-induced metabolic disorders.

3.4. Rasal2 deficiency impairs adipogenesis *in vivo* and *in vitro* {#sec3.4}
--------------------------------------------------------------------

Consistent with the substantially decreased expression of Rasal2 in *Rasal2*^*PB/PB*^ embryos, the mRNA and protein levels of Rasal2 are drastically reduced in white adipose tissue ([Figure 4](#fig4){ref-type="fig"}A and B). Given the decreased fat mass in *Rasal2*^*PB/PB*^ mice, we examined adipose development at early stage of life (P2). At this stage, we observed that the subcutaneous fat of *Rasal2*^*PB/PB*^ mice is much thinner than that in the wild-type control mice, indicating compromised *in vivo* adipogenesis ([Figure 4](#fig4){ref-type="fig"}C). Thus, we examined the potential cell-autonomous roles of Rasal2 in adipogenesis by knocking down the expression of Rasal2 with siRNA in 3T3-L1 preadipocytes ([Figure 4](#fig4){ref-type="fig"}D). The result shows that Rasal2 knockdown caused a significant reduction of adipogenesis, reflected by decreased Oil-Red-O staining ([Figure 4](#fig4){ref-type="fig"}E) and lower expression of adipocyte marker genes ([Figure 4](#fig4){ref-type="fig"}F). These *in vivo* and *in vitro* data indicate that, Rasal2 deficiency impairs adipogenesis, which is likely a critical contributor to the lean phenotype of *Rasal2*^*PB/PB*^ mice.Figure 4**Rasal2 deficiency impairs adipogenesis *in vivo* and *in vitro***. (A and B) mRNA level (A) and protein level (B) of Rasal2 in the white adipose tissue of *Rasal2*^*PB/PB*^ mice and wild-type control mice (n = 3 for each group). (C) Subcutaneous adipose of P2 *Rasal2*^*PB/PB*^ mice and wild-type control mice (n = 3 for each group). (D) Western blot showing siRNA against Rasal2 efficiently reduced the expression of Rasal2 protein in 3T3-L1 preadipocytes. (E--F) Knockdown of Rasal2 compromised the adipogenesis of 3T3-L1 preadipocytes indicated by Oil-Red-O staining (n = 4 for each group) (E) and the expression of indicated adipocyte marker genes (n = 3 for each group) (F). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data were analyzed with a two-tailed unpaired Student\'s t-test except that data in (C) were analyzed with a two-tailed paired Student\'s t-test. See also [Figure S2](#appsec1){ref-type="sec"}. All data were expressed as mean ± s.e.m.Figure 4

The metabolic phenotypes of *Rasal2*^*PB/PB*^ mice could also be caused by defects in other tissues. We examined the expression of genes involved in energy expenditure in several tissues including liver, skeletal muscle, brown adipose, epididymal white adipose, as well as inguinal white adipose of HFD fed *Rasal2*^*PB/PB*^ and wild-type control mice and found significant increases in the expression of thermogenic genes only in inguinal adipose tissue ([Figure S2L--P](#appsec1){ref-type="sec"}). When mice were fed NCD, these thermogenic genes in inguinal white adipose were expressed at comparable levels between genotypes ([Figure S2Q](#appsec1){ref-type="sec"}). Therefore, the increase of thermogenic gene expression is likely a consequence but not a cause of the lean phenotype. Nevertheless, this increase may still contribute to the resistance to HFD induced disorders in *Rasal2*^*PB/PB*^ mice. In addition, the phosphorylation levels of JAK2 and STAT3 in hypothalamus were also measured, and no significant differences were noted between genotypes ([Figure S2R](#appsec1){ref-type="sec"}).

3.5. Rasal2 deficiency represses adipogenesis by augmenting Ras activity {#sec3.5}
------------------------------------------------------------------------

Rasal2 is a known Ras-GAP in several cancer cell lines [@bib12], while the potential Ras-GAP activity of Rasal2 in adipocytes or preadipocytes has not been determined. To address this question, we analyzed 3T3-L1 preadipocytes and observed a significant increase in Ras-GTP level when Rasal2 was knocked down by siRNA ([Figure 5](#fig5){ref-type="fig"}A). In agreement with this finding, the phosphorylation of ERK, a main Ras effector protein, is also modestly but significantly increased ([Figure 5](#fig5){ref-type="fig"}B). In white adipose tissue, though we did not detect an obvious alteration in ERK phosphorylation on basal state ([Figure S3A](#appsec1){ref-type="sec"}), ERK phosphorylation was higher than in wild-type control mice after 15-minute insulin stimulation ([Figure S3A](#appsec1){ref-type="sec"}). These data indicate that Rasal2 has a repressive role on Ras in preadipocytes and adipose. If increased Ras activity is responsible for the impaired adipogenesis of Rasal2-knockdown preadipocytes, then reducing Ras activity may suppress the phenotype. We found that the impaired adipogenesis in Rasal2-knockdown 3T3-L1 preadipocytes was fully reversed when a Ras inhibitor, Farnesyl Thiosalicylic Acid (FTS, 50 μM), was used to block Ras activity ([Figure 5](#fig5){ref-type="fig"}C, D, and E). The Ras inhibitor Manumycin A was also capable of partially rescuing the defective adipogenesis ([Figure S3B](#appsec1){ref-type="sec"}). Therefore, Rasal2 likely promotes adipogenesis in preadipocytes by repressing Ras activity.Figure 5**Rasal2 modulates adipogenesis through Ras proteins.** (A) Higher Ras-GTP level in Rasal2-knockdown 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were stimulated with adipogenic cocktail for 15 min before performing the Ras activation assay (n = 3 for each group). (B) The phosphorylated ERK level is increased in Rasal2-knockdown 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were treated with adipogenic cocktail for indicated time. (n = 4 for each group). (C) Western blot showing that the Ras inhibitor Farnesyl Thiosalicylic Acid (FTS) blocks Ras activity in a concentration-dependent manner. (D and E) 50 μM FTS reverses the impaired adipogenesis of Rasal2-knockdown preadipocytes indicated by Oil-Red-O staining (n = 4 for each group) (D) and the expression of indicated adipocyte marker genes (n = 3 for each group) (E). (F) Western blot showing that the MEK inhibitor U0126 blocked ERK phosphorylation in a concentration-dependent manner. U0126 was added to culture at 12 h post adipogenic-induction, phosphorylated ERK level was evaluated 6 h later. (G and H) 10 μM U0126 failed to rescue the defective adipogenesis of Rasal2-knockdown 3T3-L1 preadipocytes indicated by Oil-Red-O staining (n = 4 for each group) (G) and the expression of indicated adipocyte marker genes (n = 3 for each group) (H). See also [Figure S3](#appsec1){ref-type="sec"}. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data were analyzed with a two-tailed unpaired Student\'s t-test and expressed as mean ± s.e.m.Figure 5

In the white adipose tissue of *Rasal2*^*PB/PB*^ mice and Rasal2-knockdown 3T3-L1 preadipocytes, we noted an increase in ERK phosphorylation level ([Figure S3A](#appsec1){ref-type="sec"} and [Figure 5](#fig5){ref-type="fig"}B). Given that over-activation of ERK blocks late stage of adipogenesis by repressing PPARγ activity [@bib25], [@bib26], this increase would be consistent with the idea that the repressive effect of Rasal2 deficiency on adipogenesis in these cells is executed through raising ERK activity. In 3T3-L1 preadipocytes, PPARγ expression was induced from 12 h post-induction [@bib27]; therefore, we asked whether blocking ERK activity after PPARγ was induced could suppress the deficiency in adipogenesis. Using the MEK inhibitor U0126 (10 nM) to block ERK activity (U0126 was added 12 h post-induction), the increase in phosphorylated ERK was effectively suppressed in Rasal2-knockdown 3T3-L1 preadipocytes. ([Figure 5](#fig5){ref-type="fig"}F and [Figure S3C](#appsec1){ref-type="sec"}). In contrast to the hypothesized repressive role of ERK, the U0126 treatment failed to rescue the impaired adipogenesis ([Figure 5](#fig5){ref-type="fig"}G and H). Instead, it further down-regulated adipogenesis ([Figure 5](#fig5){ref-type="fig"}G and H). We also tried to block ERK activity in Rasal2-knockdown 3T3-L1 preadipocytes with U0126 (10 nM) at the beginning of adipogenic induction and did not observe significant rescue of the impaired adipogenesis ([Figure S3D](#appsec1){ref-type="sec"}). This result suggests that Rasal2 might regulate adipogenesis in an ERK-independent manner. However, we should point out that the MEK-ERK pathway acts on multiple aspects of cellular events related to cell differentiation and lipid homeostasis. In addition, there could be caveats associated with using U0126 to inhibit ERK activity, despite that it is widely used. Therefore, the suggestion from our data that Rasal2 promotes adipogenesis by an ERK-independent mechanism may not be viewed as a firm conclusion.

4. Discussion {#sec4}
=============

In this study, we demonstrate that *Rasal2* deficiency leads to lower adiposity and an increase in resistance to HFD-induced obesity. In addition, *Rasal2* deficiency ameliorates numerous obesity-related metabolic disorders, including glucose intolerance, insulin resistance, and hepatic steatosis. We found no detectable changes in food intake or locomotor activity in these *Rasal2*^*PB/PB*^ mice, either on HFD or NCD. We also showed that the lean phenotype of *Rasal2*^*PB/PB*^ mice is unlikely a consequence of altered energy expenditure. We provide evidence that deficiency of Rasal2 impairs the development of adipocytes *in vivo* and *in vitro*, which may be a critical cause of the lean phenotype of *Rasal2*^*PB/PB*^ mice.

As expected, the deficiency of Rasal2 results in higher activation of Ras and ERK. While we showed that the elevation of Ras activity is responsible for the limited adipogenesis, our observation does not support that this regulation is mediated by ERK. ERK has been shown to play significant and seemingly complex roles in adipogenesis [@bib27], [@bib28], [@bib29], [@bib30]. It was demonstrated that ERK activation plays a positive role in the early stage of adipogenesis by promoting the expression of C/EBPα and PPARγ [@bib27]. Other studies provided evidence that in late stage of adipogenesis, ERK represses adipogenesis by phosphorylating PPARγ, which leads to inhibition of PPARγ transcriptional activity [@bib10], [@bib25], [@bib26], which may be consistent with data showing that ERK activity is down-regulated after PPARγ was induced [@bib27]. However, another study provided evidence that ERK activity is required not only for the initiation of adipogenesis but also for the maturation of adipocyte [@bib31], which blurred the picture regarding what the precise role of ERK in late stage adipogenesis is. In our study, we showed that, after PPARγ was induced, reduction of ERK activity in Rasal2-deficient preadipocytes by a MEK inhibitor U0126 further reduced adipogenesis, instead of suppressing the defect. This result suggests that the observed deficiency in adipogenesis in Rasal2-deficient preadipocytes is not due to the observed modest increase of ERK activity, implicating that this increased ERK activity has not reached the level that could inhibit adipogenesis by repressing PPARγ transcriptional activity. Instead, the observed further down-regulation of adipogenesis indicates a positive role of the observed modest increase of ERK activity in adipogenesis at this stage, which is in agreement with the finding that ERK is essential for adipocyte maturation [@bib31]. The indication from this analysis suggests that the Rasal2 function in regulating adipogenesis may be mediated by an ERK-independent mechanism. Therefore, the downstream effector of Ras that mediates its inhibition on adipogenesis in Rasal2-deficient preadipocytes is yet to be determined.

Despite of our finding that Rasal2 deficiency compromises adipogenesis, we did not exclude the possibility that Rasal2 may also function non-autonomously in other tissues, such as the hypothalamus and muscle, to impact the development of obesity, as we only performed limited analyses to explore the functions of Rasal2 in these tissues. Nevertheless, the analyses of the Rasal2 mutant mice, in which the Rasal2 expression is dramatically reduced, but not eliminated, may implicate Rasal2 as a potential therapeutic target to combat obesity-related disorders.
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